Aims: To measure the prevalence of silicosis among black migrant contract workers on a South African goldmine and to investigate exposure-response relations with silica dust. Methods: In a cross sectional study, 520 black goldminers (aged .37 years) were interviewed and had chest radiographs taken. Silicosis was defined as International Labour Organisation Classification radiological profusion of 1/1 or greater. Results: Mean length of service was 21.8 years (range 6.3-34.5). The mean intensity of respirable dust exposure was 0.37 mg/m 3 (range 0-0.70) and of quartz 0.053 mg/m 3 (range 0-0.095). The prevalence of silicosis was 18.3-19.9% depending on reader. Significant trends were found between the prevalence of silicosis and length of service, mean intensity of exposure, and cumulative exposure. Conclusion: Results confirm a large burden of silicosis among older black workers in the South African goldmining industry, which is likely to worsen as such miners spend longer periods in continuous employment in dusty jobs. An urgent need for improved dust control in the industry is indicated. If the assumption of stability of average dust concentrations on this mine over the working life of this group of workers is correct, these workers developed silicosis while exposed to a quartz concentration below the recommended occupational exposure limit (OEL) of 0.1 mg/m 3 . This accords with a mounting body of evidence that an OEL of 0.1 mg/m 3 is not protective against silicosis.
A lthough South Africa has over a century of goldmining and silicosis experience, remarkably little is known about the prevalence of silicosis and specifically exposure-response relations for silicosis among black goldminers. 1 2 Black goldminers are largely migrant contract workers originating from rural labour sending areas in Southern Africa, who have historically been employed in the dustier occupations and who have limited access to postemployment medical and compensation benefits. 1 3 4 Lung diseases among black goldminers have also been less intensively studied than among white goldminers. 1 A 1984 study of in-service black goldminers found a low prevalence of silicosis, 1.38%, but did not stratify by length of service nor occupation. 5 In contrast, two recent studies of ex-miners in labour sending areas of the Eastern Cape 4 and Botswana, 6 found very high prevalences of radiological silicosis, of the order of 25%. These findings raised controversy about the true extent and severity of silicosis among these migrant goldminers who make up 90% of the industry's workforce. 7 8 Apart from studies of disease, there is also a paucity of published dust exposure data with which to judge the effectiveness of dust control strategies on the South African goldmines. The limited evidence that has been published suggests that there was little or no decline in mean underground dust levels on the goldmines between the 1940s and 1990s. 3 9 10 This stasis, together with the progressive lengthening of the periods of continuous employment among returning contract workers since the 1970s, has led to the prediction of a high prevalence of silicosis in black goldminers in the latter part of the 20th century. 2 In support of this contention, a recent autopsy study of in-service miners who died of trauma documented an increasing prevalence of histological silicosis between 1975 and 1991. 11 The objectives of this study were to determine the prevalence of silicosis and to examine exposure-response relations between silica dust exposure and silicosis among inservice black goldminers over 40 years of age. This is the first South African study to present dust exposure estimates for this population.
METHODS

Subject selection
A sequential sample of 520 black goldminers were recruited at a single goldmining company in the North West Province during their annual medical surveillance examinations between November 2000 and March 2001. Only miners over 40 years of age were invited to participate in order to target longer service workers and to make the study of exposureresponse associations more efficient. This procedure excluded employees on sick leave. A detailed labour history was taken from each employee and verified against records held by the company and the national mine labour recruiting organisation. Discrepancies were resolved by re-interviewing the employee. The miners were asked about smoking and any history of chest illness including tuberculosis. A full size posteroanterior chest radiograph was taken according to International Labour Organisation (ILO) specifications.
Measurement of dust exposure
In order to measure quartz (crystalline silica) exposures in current jobs under research conditions, a separate random sample of 100 employees were requested to participate in personal full shift gravimetric monitoring over a five day period (''research measurements''). Gilian air pumps were worn at waist height, after calibration on the surface to a flow rate of 1.9 l/min, with samplers attached in the breathing zone. Miners who could not complete at least three full shift measurements were replaced by the next employee down the list in the same occupation. A total of 112 workers participated between July and December 2000, providing 506 dust measurements.
Gravimetric analysis of the dust samples was carried out by the company occupational hygiene department using a method set out in a procedure manual prepared for the study.
Determination of alpha quartz fraction was by x ray diffraction, using a method approved by the Department of Minerals and Energy on the basis of comparisons carried out by the South African Bureau of Standards. This technique conforms in principle with the National Institute for Occupational Safety and Health (NIOSH) 7500 method, except that the dust is analysed directly on a 25 mm mixed cellulose acetate filter. Filters were pooled in batches of four or five by occupation prior to being sent for quartz analysis.
As the above dust survey covered only 26 of the 85 jobs represented in the sample of 520 miners chosen for medical examination, the data were supplemented by information from the company's mandatory dust surveillance programme (''routine measurements''). In this programme, employees are grouped into statistical populations according to assumed similarity of exposure. Five per cent of each such population is sampled every six months (with a minimum of five samples). Sampling is spread over all working shifts by random sampling. Employees wear Gilian air pumps fitted with 25 mm diameter Gilian cyclones. Gravimetric analysis is carried out on the mine by a trained occupational hygienist. For analysis of the alpha quartz fraction, at least five samples from each statistical population are randomly selected and pooled in each six month period. The method of quartz analysis is the same as described in the previous section. A total of 715 records were selected from this routine dataset of some 7700 records to represent the balance of the jobs not covered in the research dust study.
Respirable dust concentrations from both of the above data sources collected during varying shift periods were converted to eight hour time weighted average (TWA) concentrations. TWA quartz concentrations were calculated by applying the quartz fraction to the corresponding TWA respirable dust concentration. For some observations the quartz fraction in the dust was recorded as zero, so that the corresponding value for airborne quartz concentration was zero.
Job exposure matrix and estimation of cumulative exposure The estimation of a job exposure matrix was required to attribute a dust concentration to each occupational exposure category. The matrix for dust and quartz was constructed by combining the data from the research and routine respirable dust and quartz tables. Where both tables had values for a particular occupation, a simple average of these values was calculated. Occupations not represented in the job exposure matrix were assigned a dust and quartz value by an occupational hygienist familiar with the mine, using already computed values from equivalent jobs.
The 2733 cumulative jobs that the 520 miners had held were categorised into 22 occupational groupings for which gravimetric measurements were available, plus a large category of non-dusty jobs to which the value of zero dust was imputed. The following exposure variables were calculated. Length of service was the sum of all contract days worked in each occupation. Cumulative dust and cumulative quartz were the length of service in each job multiplied by the TWA concentration for dust or quartz respectively. Average intensity was the cumulative dust or cumulative quartz divided by the length of service.
Reading of chest radiographs
Chest radiographs were read according to the ILO Classification of Chest Radiographs of Pneumoconioses (ILO Classification) 12 by two experienced readers, one currently and the other previously certified as NIOSH ''B'' readers. Inter-reader agreement was analysed by examining percentage agreement and the kappa statistic for chance corrected agreement.
Analysis
Histograms were constructed relating the prevalence of silicosis to length of service, and to cumulative exposure and average intensity for both respirable dust and quartz. For the dust variables, the association was examined across quintiles of the exposure metric. Logistic regression was used to examine exposure-response relations formally, using a single radiographic definition of silicosis based on the presence of parenchymal small opacities of rounded or mixed rounded/irregular shape at an ILO profusion level of 1/1 and above. This cutpoint was used for comparability with a number of important studies 16 and particularly with a prior South African study. 13 For both respirable dust and quartz, length of service and average intensity were mutually adjusted. Age and a history of smoking were examined as potential confounders.
Ethics approval was obtained from the Research Ethics Committee of the Health Sciences Faculty of the University of Witwatersrand and from the Medical Research Ethics Committee of Anglogold Health Services. Written informed consent was obtained from each employee. Any employee found to have an abnormality was referred to the company clinical services for evaluation. Employees found to have a potentially compensable pneumoconiosis were referred for further assessment.
RESULTS
The research and routine quartz fractions and dust and quartz concentrations (table 1) 
Policy implications
N There is an urgent need for improved dust control strategies on the South African goldmines. This is made all the more pressing by the multiplicative interaction between silicosis and HIV infection in increasing the risk of pulmonary tuberculosis.
N The findings support the mounting evidence that a reduction of the occupational exposure limit for quartz to below 0.1 mg/m 3 is indicated as part of a strategy to reduce substantially the risk of silicosis.
Main messages N The high prevalence (almost 20%) of silicosis among older in-service black mineworkers confirms the existence of a significant epidemic of silicosis in the South African goldmining industry.
N Duration of exposure is an important determinant of the risk of silicosis within the narrow range of average dust concentrations measured. Consequently, as the average periods of service of black mineworkers continue to lengthen, the burden of silicosis will rise.
N If the assumption of historical stability of average silica concentrations is correct, these workers developed silicosis despite having been exposed to a mean quartz concentration below the South African mining occupational exposure limit of 0.1 mg/m 3 .
In keeping with the sampling strategy of including older, long service workers, the mean age was 46.7 years, the youngest being 37.1 years (table 2). Length of service ranged from 6.3 years to 34.5 years, with a mean of 21.8 years. The median number of jobs per subject was five. The average intensity of exposure per subject was low. For respirable dust, the highest average intensity was 0.7 mg/m 3 , with 90% of the workers having an average intensity of between 0.24 and 0.48 mg/m 3 (not shown). Of the group, 266 subjects (51% of the sample) had ever smoked, with 37% being current smokers. A total of 101 subjects (19.4%) reported a history of tuberculosis, of whom nine workers were on antituberculous treatment at the time of the study.
Most of the films were of ILO quality 1 or 2. A total of 10 films were declared unreadable by one or both readers. The prevalence of any abnormality was high, with only 43.5% of the films read as completely normal by reader 1 and 38.8% by reader 2. Using an ILO cut point of profusion 1/1 or above, the prevalence of silicosis as assessed by reader 1 was 18.3% (95% CI 15.0 to 21.9) and by reader 2 was 19.9% (95% CI 16.5 to 23.6) (table 3). Of the 94 films read by reader 1 as 1/1 or above, 49 were read in the more severe profusion categories 2 or 3-that is, 9.5% overall. The equivalent for reader 2 was 53 of 102 films, 10.4% overall.
Agreement between readers was high. For a cut point of 1/1 and above versus 1/0 and below, concordance was 93.5% and kappa 0.79 (0.70-0.88), signifying excellent agreement. Only reader 1's readings were therefore used for the exposure-response analysis, which is shown graphically for length of service and cumulative exposure to quartz in figs 1 and 2. Silicosis prevalence increased significantly with increasing length of service, from 1.6% (1/59) among miners with less than 15 years of service to 47.6% (10/21) among workers with over 30 years of service (p trend , 0.001). Similarly, a significant increase in silicosis prevalence was observed with increasing cumulative quartz exposure (fig 2) (p trend , 0.001).
The association between silicosis and each of the exposure variables was examined in logistic regression models (table 4) . Because of the small numerical increment represented by a single year of service, the odds ratio for a five year increment in service is also presented. A statistically significant trend is observable for each exposure metric. For example, for each mg.year/m 3 of cumulative quartz exposure there is an increase in the odds of silicosis by 3.2, compared to 1.2 for cumulative respirable dust. As neither age nor having ever smoked were independent predictors of silicosis in exploratory analysis, no adjustment was carried out for these variables.
DISCUSSION
This study found a high prevalence of radiological silicosis among in-service black goldminers over 37 years of age (18.3-19.9% depending on reader). Notably, approximately half of the silicosis films were classified at the ILO 2 or 3 level of profusion.
The only other published figures of silicosis prevalence among in-service black goldminers are 1.34% from a radiological survey in 1984 5 and 9.3-12.8% histological silicosis in an autopsy series of trauma related deaths covering the period 1975-91. 11 The earlier estimates included all miners irrespective of length of service, resulting in significantly lower prevalence estimates compared to that of the current study. However, another likely reason for an increase in silicosis prevalence between 1984 and the present is the continuing impact of stabilisation of the contract workforce. This process refers to an increase in the length of short term contracts, shorter periods of absence between contracts, and an increase in the overall length of service and age of the workforce. 1 2 In the abovementioned autopsy study by Murray et al, the proportion of miners with 10 or more years of service increased from 10.8% in the 1975-79 period to 29.5% in the 1990-91 period. 11 Since this was a cross sectional study, the prevalence of silicosis of 18.3-19.9% is likely to be an underestimate of the risk of silicosis in the underlying cohort of exposed miners. Under South African law, workers found to have silicosis plus tuberculosis are required to be excluded from further dusty work and are thus likely to be selected out of the workforce over time. In addition, quartz exposure carries a lifelong risk of incident silicosis even after exposure has ceased. 13 14 An illustration of the transfer of the silicosis burden to the ex-miner population of Southern Africa comes from comparing the prevalence in this study to that found in two survivor populations of ex-miners studied in their home districts. 4 6 The prevalence in the Trapido et al study 4 (>1/1, calculated from table II of that paper) was 26.3% (reader 1) and 20.6% (reader 2), a little higher than the figures in this study. In the Steen et al study, 6 only the prevalence >1/0 was provided; this was 25.7% in the random sample component of that study, also a little higher than in this study: 23.9% (reader 1) and 23.3% (reader 2) (table 3) .
Strengths of this study included detailed occupational histories validated against company records and a large gradient in duration of service. There was only one case of silicosis in the group with under 15 years of service. However, this cannot be interpreted as a threshold since there is no information on how many workers with fewer than 15 years of service had left mining work because of silicosis, nor the subsequent incidence of new silicosis appearing in this shorter service subcohort after they had left mining work. Interpretation of this finding with regard to a possible radiological threshold should also be tempered by the results of Murray and colleagues, 11 who showed a prevalence of 9.7% histological silicosis in their autopsy series of in-service goldminers, most of whom had had fewer than 15 years of service.
The main limitation of the current study was that no historical dust data were available to construct a cumulative exposure index over the working lifetime of the group studied. Contemporary dust and quartz fraction measurements were used instead. To interpret these as a reflection of working lifetime exposure, the assumption has to be made that current and recent dust concentrations are a reasonable proxy for average dust concentrations experienced in those jobs over the previous two to three decades, and similarly for average quartz fractions. Although historical comparison is made difficult by differences in measurement technology, in the purpose of measurement and in methods of averaging data, there is some evidence for this ''constancy'' assumption. 
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Historical comparisons of airborne quartz concentrations are more problematic because of the additional variability of the quartz fraction of the dust. 10 The mean quartz fractions measured in this study (12-16%, table 1) are in the same range as the fractions implied in the data cited by Rendall (unpublished draft PhD dissertation, University of the Witwatersrand, 1999) (10-20%) and Kielblock and colleagues 10 (15%). The values of mean airborne quartz concentrations in this study (0.05 mg/m 3 ) are a little lower than those cited in the above sources.
In examining exposure-response associations, a linear trend to increasing prevalence with increasing exposure was noted for all the exposure variables. This is illustrated for length of service (fig 1) and cumulative quartz exposure (fig 2) . The slopes of the exposure-response curves for average intensity (not shown) were rather flat compared to that for length of service. This suggests that within the narrow range of dust concentrations experienced by these goldminers, duration of exposure plays a major role in determining silicosis risk. Despite the limitations of a prevalence survey, it is interesting to compare the prevalence figures obtained in this studies with earlier estimates of cumulative incidence of silicosis among white South African goldminers derived from two exposure-response studies, both predating the calendar period of exposure of the group studied in the current report. 13 15 Beadle et al studied a cohort of white miners exposed between the 1930s and 1960s. Using length of service as the predictor, after approximately 22.5 years of service the Beadle model predicts the cumulative incidence of silicosis as 10% or below on any of the dose-response curves he developed (each based on an average konimeter reading, ranging from 800 to 1800 ppcc). 15 The current study found a prevalence of silicosis of 22% among workers in the stratum with a length of service of 20.1-25 years (fig 1) . It would have taken closer to 30 years on Beadle's highest dust concentration curve to reach a cumulative incidence of silicosis of 22%.
The cohort studied by Hnizdo and Sluis-Cremer 13 were in employment between the early 1940s and early 1970s. These authors used cumulative respirable dust after treatment with heat and acid as their exposure variable, although it has recently been argued that they significantly underestimated dust exposure in their analysis. 9 They reported a cumulative risk of silicosis (ILO >1/1) of 25% at 9 mg.years/m 3 , reached after an average of 28 years of exposure at an average respirable dust concentration of 0.33 mg/m 3 . The equivalent prevalence in the current study (stratum 8.6-10.4 mg.years/ m 3 , not shown) was 23%, which is similar. However, the Sluis-Cremer and Hnizdo study entailed follow up of miners after they had left service. It is notable that the onset of 57% of the 313 cases of silicosis occurred after the miners had left the mines, detected when they returned at intervals for postemployment examinations to determine whether they had compensable disease. The prevalence figure in the current study is thus certainly an underestimate of lifetime cumulative incidence. If black miners selected out of the underlying cohort because of compensable disease were counted and those who left service for any reason were followed up for the same period and to the same degree as in the Hnizdo and Sluis-Cremer study, the incidence in this cohort would be higher than found in the earlier study. This would accord with the observation that black miners have historically held dustier jobs than white mineworkers, reflecting occupational stratification on the mines. In addition, at least until the early 1990s, the length of service of black applicants compensated for pneumoconiosis was on average 10 years shorter than that of white applicants. 1 3 An important feature of the study was the very narrow range of average intensity of exposure for both respirable dust and quartz. For respirable dust exposure, 90% of the values for average intensity fell between 0.24 and 0.48 mg/m 3 . This range is entirely below the American Occupational Safety and Health Act and Mine Safety and Health Act exposure limit for quartz using the formula 10/(quartz fraction plus 2), 16 assuming a quartz fraction of 13.2% (derived from  table 1) .
Similarly, for the average intensity of quartz exposure, the median value in this study was approximately 0.05 mg/m 3 , the occupational exposure limit recommended by NIOSH and the American Conference of Governmental Industrial Hygienists (itself reflecting a technical measurement limit). 16 A total of 90% of the subjects had an average intensity of quartz exposure which fell between 0.029 and 0.075 mg/m 3 , well below the South African mining occupational exposure limit (OEL) of 0.1 mg/m 3 . As suggested from the comparison with industry-wide data earlier, it is possible that the quartz exposures measured in this study underestimated the historical quartz exposures of this workforce, whether due to measurement variability or recent improvement in dust control. However, the distributions of quartz concentrations in the goldmines, available from industry data only for the 1990s, indicate that of the order of 87% 17 to 93% 10 were below 0.1 mg/m 3 . It is therefore a reasonable to conclude that despite working in the ''protective'' range of exposure, 18.3-19.9% of these older mineworkers had developed silicosis. Further, half of these cases had reached ILO profusion levels of 2 and 3, signifying more advanced radiological disease.
In conclusion, this is the first study of exposure-response relations for silicosis in black South African goldminers using dust exposure data. Almost one in five of these older, longer service black mineworkers had developed silicosis. Allowing for the fact that the sample in this study was chosen to represent older mineworkers, if one extrapolates these results to the goldmining industry in general, they confirm the existence of a significant epidemic of silicosis in the industry and a compelling need for improved dust reduction strategies. A further conclusion of the study is that within the narrow range of average dust concentrations, duration of exposure is an important determinant of the risk of silicosis in this population. This implies that with the lengthening of the average length of service of black mineworkers, the burden of silicosis will continue to rise.
This need to control silica exposure is all the more urgent in the current era of an increasing prevalence of HIV infection among mineworkers. HIV infection greatly increases susceptibility to tuberculosis. A recent study 18 of the effect of HIV infection and silicosis on tuberculosis incidence in South African goldminers found that HIV infection increased the incidence of tuberculosis by fivefold and silicosis increased the incidence of tuberculosis threefold. The combined effect of HIV and silicosis showed multiplicative interaction by increasing the incidence of tuberculosis by 15 times.
Finally, if the assumption of unchanged dust concentrations on this mine over the past 30 years is correct, these workers developed silicosis despite having been exposed to quartz concentrations below the recommended OEL of 0.1 mg/m 3 . This is in accord with a mounting body of evidence that an OEL of 0.1 mg/m 3 is not protective against silicosis and that an OEL of 0.05 mg/m 3 may not be protective against silicosis either. No exposure threshold could be determined as the many sources of measurement variability and assumptions in grouping the dust data make distinctions between relatively small increments in average quartz intensity subject to error. The findings nevertheless support the conclusion of Hnizdo and Sluis-Cremer 10 years ago, 13 as well as that of NIOSH and a number of recent commentators, 16 19 20 that a reduction of the quartz OEL below 0.1 mg/m 3 is indicated as part of a strategy to reduce substantially the risk of silicosis and its complications. 
